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Abstract. Tool design is the most influential aspect in the friction stir welding (FSW) 
technology. Influence of pin tool geometry on material flow pattern are studied in this work 
during the FSW of dissimilar AA7075 and AA6061 aluminium alloys. Three truncated pin tool 
profiles (threaded, threaded with single flat, and unthreaded with single flat) were used to 
prepare the weldments. The workpieces were joined using a custom-made clamping system 
under 1100 rpm of spindle speed, 300 mm/min of traverse rate and 3° of tilt angle. The 
metallographic analysis showed that defect-free welds can be produced using the three pin 
tools with significant changes in the mixing stir zone structure. The results declared that the 
introducing of the flat on the cone of the probe deviates the pattern of the onion rings without 
changing the chemical composition of the created layers. This in turn improves the hardness 
distribution and tensile strength of the welded joint. It was also noted that both heat affected 
zone (HAZ) and thermal-mechanical affected zone (TMAZ) are similar in composition to their 
corresponding base materials (BM). 
1.  Introduction 
Friction stir welding has become one of the widely-used technologies in modern industries, such as 
automotive and aerospace [1, 2]. This novel green welding method was invented in 1991 by The 
Welding Institute (TWI) of the UK to solve the problem of joining the hard-to-weld aluminium alloys 
[3, 4]. It also offered the ability of welding dissimilar materials from the same or different families, 
such as aluminium alloy to another aluminium alloy, aluminium to magnesium and aluminium to steel 
[5, 6]. This advantage permits to take the benefits of both adjoined materials [7, 8]. As seen in Figure 
1, the materials to be weld are connected through this solid-state method by stirring a specially 
designed rotating tool, which is the main source of the process heat that not exceeds the melting point 
of the workpieces [9]. 
The success of the material mixing is mainly depending on the geometry of the tool pin or probe 
[10, 11] and the welding rotation speed (ω) and tool traverse rate (υ) [12]. Improper design of the pin 
tool may result in an internal defects or incomplete material mixing within the stir zone (SZ). For 
defect-free weld, the characterization of the probe design determines the flow pattern, which has not 
been widely considered in the previous research studies as the mechanical properties of the welding 
joints. Accordingly, the inspection of material flow in conjunction with tool design during the friction 
stir processing is vital for putting on the right track of the weld quality. 
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Figure 1. Schematic drawing of the FSW process. 
  
Recently, Tongne et al. [13] studied the formation and evolution of banded structures observed in 
similar weld of AA6082-T6 aluminium alloy using trigonal tool. It was demonstrated that the 
formation of the banded structures is mainly related to the geometry of the pin whereas the friction 
conditions have a much smaller effect. Patel et al. [14] investigated the influence of polygonal pin 
profiles on friction stir processed super plasticity of AA7075-T651 aluminium alloy. They noticed that 
all polygonal pin profiles indicated sticking of the workpiece material around tool pin and resulted in 
non-uniform microstructure in the SZ. On the other hand, uniform microstructure without cavitation in 
the SZ was observed in the sample produced by the square pin tool. Schneider and his co-authors [15] 
examined the material flow modification in the FSW of AA2219-T87 aluminium alloy through 
introduction of flats into the threaded cylindrical pin tools. Significant changes in the FSW structure 
with varying numbers of flats were observed, but without significant changes in tensile strength. 
Changes in the textural banding shape, the addition of sub-bands, and a new set of bands from 
coalescence of band kinks constitute the structural changes observed. Based on the material flow 
characteristics, a mechanism of the friction stir AA7020-T6 weld formation was presented by Kumar 
and Kailas [16]. They stated that there are two different modes of material flow regimes involved in 
the friction stir weld formation; namely “pin-driven flow” and “shoulder-driven flow”. These material 
flow regimes merge together to form a defect-free weld. It was also illustrated that the etching contrast 
in these regimes gives rise to the onion ring pattern in friction stir welds. Formation mechanism of 
these onion rings was rather difficult to be explained. Krishnan [17] attributed the creation of the 
onion rings to the process of friction heating due to the tool rotation and forward movement, which 
extrudes the metal around to the retreating side of the tool. 
In the FSW of dissimilar alloys or materials, limited articles focused on the material flow and 
mixing, especially with the effect of tool design. Consequently, this paper aims to investigate the 
influence of the pin tool profile on the microstructure of the dissimilar AA7075-AA6061 friction stir 
welds. This study contributes to the advanced industrial technology. 
2.  Experimental set up 
Welding coupons were prepared from 3-mm-thick AA7075-T6 and AA6061-T6 aluminium alloys, 
whose mechanical properties are presented in Table 1. The specimens were cut and ground by a 
precision grinding machine to the final dimensions of 125×50 mm and cleaned with acetone. 
According to our previous work [18], a specially designed clamping system was used to produce the 
welds, as shown in Figure 2. Butt-joints were formed in a route parallel to the rolling direction of the 
base materials. 
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Table 1. Mechanical properties of the base materials (normal to the rolling direction). 
Alloy 
Yield strength 
(MPa) 
Tensile strength 
(MPa) 
Vickers 
hardness Elongation (%) 
AA7075-T6 503 571 175 11 
AA6061-T6 276 307 107 12 
 
 
  
Figure 2. The custom-made clamping system and a sample 
photograph of the welding joint. 
 
Three different welding pin tools, whose geometry are schematically viewed in Figure 3, were 
fabricated from H13 steel. Each tool consisted of concave shoulder of 12-mm-diameter and 8° of 
concave angle. The base diameter of the probes was 4 mm, which truncated through 10° along the 
length of 2.7 mm. The cone of the probe was threaded with M4×1 left-hand threads in the first and 
second tools, while it left smooth in the third one. A single flat was formed in the second and third 
tapered pin tools. Based on the results of our previous research studies [19, 20], the softer AA6061 
alloy was placed on the advancing side (AS) of the weld and the tool rotation speed, traverse rate and 
tilt angle were fixed at 1100 rpm, 300 mm/min and 3°, respectively. 
 
   
T1 
Threaded 
T2 
Threaded with flat 
T3 
Unthreaded with flat 
 
Figure 3. Schematic views of the three welding pin tools. 
 
The produced welds were left two months for natural aging [21]. After that, tensile and 
metallographic specimens were cut by a wire cutting machine. The specimens were prepared as per the 
standard of American Society for Testing of Materials (ASTM: E8-11). Tests were then conducted at 
room temperature using a 50 kN universal testing machine with a speed of 1 mm/min. Three tension 
tests were conducted for each case study, and the average ultimate tensile strength and elongation were 
considered. The standard guide for preparation of metallographic specimens (ASTM: E3-11) was 
followed to prepare the metallographic specimens, which were then etched by a modified killer’s 
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reagent to reveal the grain structure of the weld zone. Hardness distribution were then observed across 
the weld centreline, in a direction normal to the weld seam, by a Vickers micro-hardness tester using 
HV0.5 test method with an indent time of 10 seconds. The metallographic analysis was performed 
using an optical microscope and scanning electron microscope (SEM) equipped with an energy 
dispersive spectrometry (EDS). 
3.  Results and discussion 
The obtained micrographs showed that defect-free joints were produced using the three tools. The 
weld in the stir zone has exhibited the well-recognized onion rings, as seen in Figure 4. The nugget 
zone resulted from the threaded tools T1 (without flat) and T2 (with single flat) were compared to the 
that produced by T3, which consisted of a non-threaded probe with additional flat. 
 
 
Figure 4. Microstructure of the welding stir zone related to the pin tool design. 
 
The onion rings appeared more uniform when the threaded pin tool T1 was used, while they nearly 
vanished when the unthreaded tool T3 was used. This is due to that when using a threaded probe in 
similar and dissimilar FSW, the material moves downward and a helical vertical rotational flow within 
the intermixed region generates beside the periphery of the rotating pin and hence forming the sub-
layers or onion rings [22]. The shape of the rings was significantly changed when a flat was added to 
the cone of the threaded pin tool T2. The flat pushed the abutting materials away from the probe and 
reduced the effect of the threads. 
Chemical composition of the weld was analysed in the onion rings, TMAZ, HAZ, and BM. The 
etching response of the dissimilar parent materials to the Keller’s reagent are not the same due to the 
difference in their chemical composition [23]. For this reason, the micrographs revealed in dark and 
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bright colours, as shown in Figure 5, which represents the SEM image of the onion rings and the 
corresponding EDS spectrum. 
 
 
Figure 5. The SEM image of the onion ring layers and the corresponding EDS 
spectrums. 
 
The results presented in Table 2 clarify that the bright region is similar in composition to that of the 
AA7075-T6 base alloy, while the dark one is identical in composition to the softer AA6061-T6 base 
material. Same observation was found in the works of İpekoğlu and Çam [24] and Guo et al. [25]. On 
the other hand, the composition of the TMAZ and HAZ of both welding sides are close to their 
corresponding base materials. 
 
Table 2. The acquired chemical composition (wt.%) of the base materials, HAZ, TMAZ and the onion 
ring layers related to the spectrums shown in Figure 5. 
Spectrum Si Fe Cu Mn Mg Cr Zn Ti Al 
1 0.543 0.183 2.261 0.031 2.610 0.224 5.203 0.136 Balance 
2 0.720 0.322 1.046 0.018 1.077 0.090 0.393 0.072 Balance 
TMAZ-6061 0.716 0.046 0.185 0.040 1.036 0.320 0.227 0.039 Balance 
TMAZ-7075 0.097 0.241 1.943 0.061 2.704 0.196 5.853 0.115 Balance 
HAZ-6061 0.716 0.046 0.185 0.040 1.036 0.320 0.227 0.039 Balance 
HAZ-7075 0.097 0.241 1.943 0.061 2.704 0.196 5.853 0.115 Balance 
BM-6061 0.701 0.090 0.161 0.023 0.801 0.258 0.215 0.047 Balance 
BM-7075 0.168 0.212 1.801 0.040 2.512 0.251 5.525 0.132 Balance 
 
As shown in Figure 6, the joint strength was not highly affected by the creation of the different 
layers or onion rings. The ultimate tensile strength of the weld ranged from 229.5 MPa for tool T3, 
passing through 237.6 MPa for T1 to reach the maximum value of 252.1 MPa for T2. Since the joint 
strength of dissimilar friction stir weld is typically compared to the softer material [26], tensile 
strength of the harder AA7075 base material was not shown in the graph. These outcomes are coincide 
with the observation of Schneider and his research group [27]. They found that the existence of 
flat/flute in the pin tool design changes the flow pattern of the mixed materials without significant 
change in the weld strength. Figure 7 presents the micro-hardness distribution along the transvers 
centreline of the weld related to the welding pin tools. Overall, the welding joints have exhibited a 
noticeable decrease in the level of the Vickers hardness number (VHN) compared to the base 
materials. This could be attributed to the grain refinement or recrystallization within the stir zone and 
the over-aging in the heat affected zone [2, 28, 29].  
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Figure 6. Tensile strength of the weld related to pin tool design. 
 
Maximum reduction of the weld hardness was observed in the HAZ of the AA6061-T6 alloy, 
which was fixed on the AS. The lowest hardness values of 66, 71 and 63 were measured in the 
welding joints produced by the welding tools T1, T2 and T3, respectively. The fracture of the tension 
test specimens was initiated from the corresponding locations of these minimum hardness values at the 
HAZ. It has been reported that the fracture takes place in the weakest region during the tension test of 
the similar and dissimilar friction stir welds of aluminium alloys. In case of defect-free dissimilar 
friction stir welds, the HAZ of the softer alloy represents the weakest region, where the fracture 
commonly occurs [24, 30]. It is obvious that the results of tension tests are proportional with the 
hardness level at the HAZ of the softer material. In other word, the minimum joint strength was 
measured in the specimen that exhibited the lowest VHN and vice versa. 
 
 
Figure 7. Hardness distribution of the weld related to the pin tool design. 
4.  Conclusions 
The outcomes of this research showed that there is a clear relation between the design of the welding 
pin tool and the material flow pattern of dissimilar friction stir welds. Formation of the well-known 
onion rings is found to be sensitive to the profile of the probe. The introducing of a flat on the cone of 
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the pin tool changes the flow pattern within the mixing stir zone and affect the hardness distribution, 
and hence the tensile strength of the welding joint. The etching response showed different layers in 
dark and bright colours inside the weld nugget, which are similar to their corresponding base 
materials. The chemical compositions of the TMAZ and HAZ regions were not change during the 
FSW process. 
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